We report here a dye-sensitized solar cell structure having two different dyes with complementary absorption properties, which is different from the dye-cocktail method. The developed method allows two different dyes to be adsorbed on the sintered TiO 2 layers without thermal decomposition, which the conventional procedure of dye-sensitized solar cell has been unable to do. The contribution of different dyes to photocurrent generation has been confirmed by incident-photon-to-current conversion efficiency ͑IPCE͒ and photocurrent transient spectroscopy. Although the solar-to-electricity conversion efficiency as high as 11% has been demonstrated, methods to further improve the efficiency have been investigated. Among the proposed methods, a dye with panchromatic property is one of the candidates since high photocurrent density is expected due to broad-wavelength-range absorption. Utilization of different dye molecules with different absorption maxima in one cell can be an alternative method to the use of panchromatic dye, such as a tandem ͑or multilayer͒ structure adopted in compound semiconductor-based solar cell.
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Although the solar-to-electricity conversion efficiency as high as 11% has been demonstrated, methods to further improve the efficiency have been investigated. Among the proposed methods, a dye with panchromatic property is one of the candidates since high photocurrent density is expected due to broad-wavelength-range absorption. Utilization of different dye molecules with different absorption maxima in one cell can be an alternative method to the use of panchromatic dye, such as a tandem ͑or multilayer͒ structure adopted in compound semiconductor-based solar cell.
Compared to all the solid-state-inorganic material-based tandem solar cells, DSSC with different dyes may hardly be fabricated due to the high processing temperature. Usually, high-temperature sintering for TiO 2 nanoparticles is followed by dye adsorption process. If we adopt this process for fabricating multidyed structure, the deposition and annealing processes should be repeatedly performed on each layer. However, such a conventional fabrication process may not realize a multidyed structure because annealing of the second layer will decompose the dye in the first layer. For this reason, although some attempts have been tried to make the device containing different dyes, most reported structures were superimposition of two separate cells 2 or threeelectrode configuration. 3, 4 There was another attempt for a tandem structure using a photocathode with dye-coated p-type NiO instead of Pt counter electrode, which, however, demonstrated less effective photovoltaic property compared to a conventional DSSC. 5 As for the given Gratzel-type DSSC with a FTO/TiO 2 /dye/electrolyte/Pt configuration, there is no report on a structure having different dyeadsorbed layers in one cell.
We report here a solar cell structure having two different dyes in one cell. As far as we are concerned, the developed method allows each TiO 2 layer to undergo high-temperature annealing process without the destruction of dye molecules. In addition, photocurrent transient measurement confirmed that the photoexcited electrons at the TiO 2 layer on the Pt counter electrode were initially moved to opposite direction at the very beginning stage of illumination but immediately transported to the fluorine-doped tin oxide ͑FTO͒ electrode within about 50 s.
The detailed preparation of TiO 2 films on the FTO substrate could be found in the previous report. 6 A heterosensitizer-junction structure was prepared as follows: two TiO 2 layers were separately formed on a FTO substrate and a Pt-coated FTO substrate. One TiO 2 layer ͑designated as A layer͒ was deposited on a FTO substrate ͑Pilkington, TEC-8, 8 ⍀ / sq, 2.3-mm-thick͒ followed by heating at 500°C for 30 min. The other TiO 2 layer ͑designated as B layer͒ was deposited on the Pt-coated FTO substrate, which was followed by heating at 500°C for 30 min. The A layer was immersed into 5 ϫ 10 −4 M ethanolic solution of a relatively short wavelength sensitizer TA-St-CA ͑dye A, maximum absorption at 400 nm͒, where synthetic details were reported elsewhere, 7 for 24 h, and the B layer was immersed into 5 ϫ 10 −4 M ethanolic solution of a longer wavelength sensitizer N-719 ͑dye B, maximum absorption at 530 nm͒ for 24 h. These two different dye-sensitized electrodes were assembled using 25-m-thick surlyn ͑Dupont 1702͒ at a pressure of 200 kPa/ cm 2 and a temperature of about 120°C within a few seconds. An electrolyte solution composed of 0.7M 1-butyl-3-methyl-imidazolium iodide, 0.03M I 2 , 0.1M guanidinium thiocyanate, and 0.5M 4-tert-butylpyridine in acetonitrile and valeronitrile ͑85:15 v / v͒ was introduced. Figure 1 shows the heterosensitized-junction DSSC ͑multi-dyed DSSC͒ structure along with a conventional DSSC ͑single dyed DSSC͒, where the multidyed DSSC structure is able to absorb wideband light due to two different dyes with complementary absorption properties.
Photocurrent-voltage measurements were performed using a Keithley model 2400 source measure unit. An ozonefree 1000 W Xenon lamp ͑spectra-Physics͒ served as a light source and its light intensity was adjusted using a NRELcalibrated Si solar cell equipped with a KG-5 filter for approximating AM 1.5 G one sunlight intensity. Incidentphoton-to-current conversion efficient ͑IPCE͒ was measured as a function of wavelength from 400 to 800 nm using an IPCE system for DSSC ͑PV Measurements, Inc.͒. UV-visible transmission spectra of the dye-adsorbed TiO 2 films were a͒ Author to whom correspondence should be addressed. Electronic mail: npark@kist.re.kr. measured with UV-visible spectrophotometer ͑Agilent 8453͒.
For transient photocurrent studies, the cells were probed with a weak laser pulse at 532 nm, superimposed on a relatively large background ͑bias͒ illumination at 680 nm with a setup similar to the reported one. 8 The bias light was illuminated by a 0.5 W diode laser ͑B&W TEK Inc., Model: BWF1-670-300E/55370͒. Neutral density filters were used to adjust the intensity of the bias light. A 30 mW frequencydoubled Nd:YAG ͑yttrium aluminum garnet͒ laser ͑Laser-Export Co. Ltd. Model: LCS-DTL-314QT͒ ͑ = 532 nm, pulse duration of 10 ns͒ was used as probe light. The current transient data were obtained by using a Stanford Research Systems model SR570 low-noise current preamplifier, amplified by a Stanford Research Systems model SR560 low-noise preamplifier, and recorded on a Tektronix TDS 3054B 500 MHz oscilloscope. The light intensity of the probe light was adjusted to have the photocurrent induced by the probe light less than 1% of the steady-state charge that was estimated from the product of the steady-state short-circuit photocharge and the time constant for electron collection.
Figures 2͑a͒ and 2͑b͒ show photocurrent density-voltage ͑J-V͒ and IPCE characteristics of the prepared solar cell with dyes A and B, along with those of the single dye A sensitized solar cell. The TiO 2 film thickness was adjusted to 5 and 4 m for the A and B layers, respectively, and a 9-m-thick TiO 2 film was used for the single dye structure. The multidyed solar cell with an active area of 0.297 cm 2 exhibits photocurrent density ͑J SC ͒ of 9.7 mA/ cm 2 , voltage ͑V OC ͒ of 0.741 V, fill factor ͑f f͒ of 0.538, and efficiency ͑͒ of 3.86%, whereas the single dyed solar cell with active area of 0.274 cm 2 shows 7.7 mA/ cm 2 , 0.755 V, 0.635, and 3.7%. Photocurrent density of the multidyed structure is 26% higher than that of the single dyed solar cell, which is likely to be due to the wideband absorption by dye A ͑TA-St-CA͒ and dye B ͑N-719͒. The contribution of dye A and dye B to the photocurrent generation is clearly seen in the IPCE spectrum. In Fig. 2͑b͒ , compared to the IPCE spectrum of the dye-sensitized solar cell with only dye A, the structure with dyes A and B shows higher IPCE at the wavelength above 500 nm. The IPCE values are almost the same at 450 nm: 69.3% for the multidyed structure and 67.9% for the single dyed structure, whereas IPCE value of the former structure at 600 nm ͑18.1%͒ is significantly higher than that of a latter structure ͑1.1%͒, indicating that both TA-St-CA and N-719 obviously contributes to photocurrent generation in the multidyed cell. The remarkable increase in IPCE of the multidyed cell at the wavelength longer than 600 nm has thus resulted from the photoexcited electrons by N-719 dye since only N-719 absorbs longer wavelength lights, as shown in Fig. 2͑c͒ .
From IPCE study, it is evident that the electrons injected from N-719 to TiO 2 in the B layer are substantially collected to the FTO substrate via the A layer. In order to confirm whether the electrons generated in the B layer are transported through the A layer, we designed a cell structure having a bare A layer ͑without dye A͒ and a N-719 adsorbed 6-m-thick B layer, where the thickness ͑x͒ of the bare A layer was varied from 3 to 14 m. Figure 3 shows the schematic cell structure, the J-V curve, and the absolute and normalized IPCEs. As shown in Fig. 3͑b͒ , the photocurrentvoltage measurement confirms that the electrons generated in the B layer are apparently collected from the FTO substrate through the A layer and it is notable that photoexcited electrons in the B layer are able to be transported through even very thick ͑14 m͒ undyed TiO 2 layer. The photocurrent slightly decreases with increasing undyed A layer thickness, whereas the photovoltage remains unchanged with the A layer thickness ͓Fig. 3͑d͔͒. As for the photovoltage, we expect that the photovoltage will decrease with increasing bare A layer thickness since at open-circuit condition the Fermi energy of the whole TiO 2 layer ͑A+B͒ may be lowered because electron density per unit volume of TiO 2 layer will decrease with increasing the bare TiO 2 layer. However, the resulted photovoltage seems to be independent from bare A layer thickness, in other words, it seems to be only related with the dye-coated B layer. In Fig. 3͑c͒ , the IPCE values show similar tendency, as observed in the photocurrent, where the lowered photocurrent with increasing bare A layer is associated with the gradually reduced IPCE at short wavelengths ranging from 400 to 540 nm. It is evident from this study with specially designed cells that the photoexcited electrons in the B layer are obviously transported to the working electrode.
To understand the electron transport dynamics from photoexcited electrons in the B layer ͑dyed TiO 2 layer͒ to the charge collecting FTO electrode through the bare A layer ͑undyed TiO 2 layer͒, we have conducted photocurrent transient measurement. As can be seen in Fig. 4 , surprisingly, negative photocurrent is generated right after illumination and normal photocurrent having positive value is detected 48 s after illumination. The negative photocurrent is reduced with the lowering the pump laser intensity. No negative photocurrent is observed without the pump laser. This implies that the negative photocurrent is not generated from instrumental error but from the photocurrent flow from the inside of the device. This means that the photoinjected electrons in the TiO 2 ͑B͒ layer are transported to the reverse direction ͓from the TiO 2 ͑B͒ layer to the Pt counter electrode͔ right after the illumination and changed their transport direction. More detailed studies are required concerning the origin of the negative electron flow at the very beginning of illumination but we believe that higher J SC value from the multidyed structure could be obtained after removal of the reverse current flow.
We have designed and fabricated a dye-sensitized solar cell structure with complementary absorption characteristics. The developed method allows two different dyes to be adsorbed on the sintered TiO 2 layers without thermal decomposition of dye molecules. A simple physical contact also allows photoinjected electrons in the TiO 2 layer ͑B layer͒ on the counter electrode side to be collected to the working electrode. The electron transportation from the B layer to the FTO substrate via the A layer was confirmed using the structure with an undyed A layer and a N-719 dyed B layer. Although the proposed structure works well, the basis for a reverse current generated right after illumination should be addressed in order to understand the working principle of the multidyed structured DSSC. It is no doubt that the structure can be useful for layer-by-layer dye adsorption process.
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